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The rapid identification of viruses has vital implications for managing health care,
such as controlling disease at early stages and preventing the potential spread of
disease. Conventional methods are, however, time-consuming and they often require
expensive and sophisticated infrastructure that limits their use in point-of-care
settings. Biosensors have attracted notable attention in the last decades, as they are
central to applications that monitor many processes, and they offer portability and
ease-of-use, enhancing their utility. Among these, micromechanical biosensors rely
on small mechanical transducers to sense any vibrations that are precisely propor-
tional to molecular bindings. In this chapter, we comprehensively summarize the
field of micromechanical biosensors along with their fundamentals, fabrication, and
fundamental characteristics along with pros and cons. Moreover, we mainly focus
on how micromechanical biosensors can be tailored to detect viruses such as
coronavirus, human immunodeficiency virus (HIV), hepatitis, noroviruses, Ebola,
and Zika viruses that pose an overwhelming threat to global health.

8.1 Fundamentals of micromechanical biosensors and actuators
Biosensors reliant on micromechanical resonators are widely utilized to detect
specific analytes in liquid, air, or in vacuo. These sensors include cantilevers and
various other structures such as mechanical components that create acoustic waves
and surface stress. In this section, we briefly explain the types and fundamentals of
micromechanical biosensors.

8.1.1 Micro-nanomechanical sensors

The development of the atomic force microscope (AFM) began with the use of a
cantilevered sharp tip to mechanically probe a surface [1]. In AFM, cantilevers are
employed in either static mode or dynamic mode. In the contact mode, the surface is
mapped by using the static deviation caused by the contact with the surface as a
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feedback source. In the dynamic mode, the cantilever is driven at a frequency close
to the resonance frequency, and the surface is therefore mapped using the cantilever
vibration amplitude as a feedback source. Later, the flexibility of this technique was
demonstrated by the development of several new sensing modes, for example,
magnetic properties, capacitance, conductivity, or phase-based measurements.

Recently, micro- and nanometer-scale cantilevers have been studied as sensors using
physical principles, which are similar to those found in AFM systems. As basically
described above, these cantilevers are usually operated either in the static deflection
mode, in which binding on one side of a cantilever leads to unbalanced surface stress,
resulting in a measurable up or down deflection, or in the dynamic mode, in which
binding on the cantilever increases the mass, and thus decreases the resonant frequency.
Cantilever-based sensors offer highly versatile approaches using multiple modes, such
as electrostatic, optical, mechanical, and electromagnetic strategies for actuating or
sensing cantilever motion to detect chemicals, gases or biological entities.

With the development of microfabrication technologies, significant advances have
been made in micro-electromechanical systems/nano-electromechanical systems
(MEMS/NEMS)-based biosensor technologies in recent years. MEMS/NEMS canti-
lever-based sensor applications offer more portable, compact, ultrasensitive options
and lower detection limits compared to standard approaches. In addition to their
inexpensive features, they provide measurements in real-time, and with appropriate
chemical functionalization, they can be employed to monitor minute changes in
biological conditions and/or chemical reactions. Moreover, microfabricated devices
can be designed with different sizes and shapes and formed into arrays with large
numbers of elements. This flexibility of design and size has created the opportunity to
combine such devices with microfluidics and miniaturized lab-on-a-chip formats. They
are able to monitor small changes in signals caused by molecular/biological vibrations
and can be operated with very small sample volumes. Moreover, the relevance of these
platforms to the field of virus detection is immediate since they are able to detect
biological targets at nanometer-scale [2]. High-frequency MEMS/NEMS platforms are
being considered as a new direction in the field of sensing. In particular, the flexibility
to adapt their surface properties using specific biomolecules is used to create chemically
functionalized MEMS/NEMS cantilevers for biomolecular interaction studies. These
devices also exhibit superior potential for multiplexed biosensor arrays due to their
small physical dimensions and excellent sensitivity [3, 4]

8.1.2 Cantilever-based micromechanical biosensors

Considering a biosensing approach, the cantilever surface is first functionalized to
create a bioreceptor layer, which has a high affinity for the target analytes. When a
molecular interaction occurs between the bioreceptor layer and the target analytes,
the cantilever surface energy changes in response to the binding of the target to the
sensor’s surface. As a result, the cantilever deviates statically. In a resonating
cantilever biosensor, the resonance frequency alters according to the mass increase
or decrease on the cantilever. Moreover, cantilever-based biological or chemical
detection methods can be divided into static cantilever bending and resonating
cantilever-based detection [5].
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8.1.2.1 Static cantilevers
Static cantilevers measure bending or static deflection (static mode: DC mode), which
can be induced by external forces, such as gravitational, magnetic, and electrostatic
forces exerted on the cantilever or by intrinsic mechanical stresses generated within the
cantilever or on the cantilever surface as a result of the analyte interactions [6].
Examining the degree of cantilever bending eliminates the difficulty of viscous damping
for experiments performed in a microfluidic chamber that apply a laminar fluid flow
around a cantilever, particularly for large analyte sample volumes, reducing the noise
generated by fluid turbulence [7]. Isotropic cantilever materials tend to either decrease
the surface area (tensile stress) or increase it (compressive stress) as a result of uniform
surface stress (σs), as we will discuss later. It is worth mentioning that if a cantilever fails
to compensate for surface stress equally, the structure can be permanently bent at the
opposite sides of a beam or thin plate.

In the static cantilever model, main readout mechanisms include piezoelectric, optical
beam deviation or interferometric deviation measurement, and a variety of amplifiers
are employed according to the technique. As an interesting example of the static
cantilever model, the readout circuitry employs an array of four cantilevers connected to
the amplifiers through an analog multiplexer [8]. Moreover, there is a non-aligned
cantilever plane that is not deformed between the locations of tensile and compressive
stress. Due to the bending deformation, a force F acts at a distance x, resulting in a
bending momentM = F.x; hence, using the moment of inertia I, and Young’s modulus
E, the cantilever’s radial curvature can be calculated from equation (8.1) [9];

= =
R

d z
dx

M
EI

1 (8.1)
2

2

In the static mode, receptor target binding at the molecular level can be converted into
an electrical signal via optical beam deflection, interferometric, piezoresistive, piezo-
electric, capacitive, and electron tunneling readout approaches [10–12]. An analysis of
the sensitivities reported to date, including the resonance frequencies at which these
sensitivities are measured, has been reported in detail by Stemmer et al [13]. Any well-
designed detection system can achieve a performance such that the shot noise of the
electro-optic system is the lowest possible noise background. The detection system
noise level determines the measurement sensitivity. Moreover, microcantilever-based
sensing platforms can be used in atomic force-based surface imaging to obtain the
surface topography of samples from the sensing tip of an AFM [14].

Bicell or quadrant photodiodes are the most used sensors in optical deflection
(OBD) sensor systems. In the OBD method, a beam of light (usually laser light) is
focused on the cantilever end, and the light is reflected onto the photodiodes.
Deviation in the cantilever causes a change in photocurrents in each cell of a
quadrant photodiode. Arithmetic differences of photocurrents between quadrants
are proportional to cantilever deviation. Nowadays, using this method, cantilever
static deviation can be measured with a high precision, and it is successfully used in
the resonating mode at bandwidths up to the MHz scale.

A myriad of detection and sensing applications have been developed for the other
biological entities, including DNA, RNA, proteins, metals, antibodies, pesticides,

Biosensors for Virus Detection

8-3



antigens, cancer biomarkers, and explosives [15–24]. From the virus sensing and
detection perspectives, a triangular microcantilever sensor was developed to detect
cantilever-based mass and liquid-borne particle sampling with a resonant frequency
of 271 kHz, a sensitivity of 0.13 Hz pg−1, and along with the Q (quality) factor of
~3000. The setup achieved a minimum detectable mass of ~0.05 pg, and can be used
to monitor liquid-borne viruses (e.g. coronavirus) (figure 8.1) [25].

8.1.2.2 Resonating cantilevers
Resonating cantilevers are designed to vibrate at a particular resonant frequency.
The main materials used in their fabrication are a range of single-crystal materials
with micron-scale dimensions. Mainly, the vibration signal of cantilevers is
converted to electrical signals by optical beam deflection, interferometric and
piezoresistive sensing methods, due to higher achievable bandwidths, greater
measurement accuracy, and ease-of-interfacing. Resonating cantilevers may be
triggered with mechanical or acoustic waves generated by piezoelectric materials,
as well as magnetic, electrostatic, or optical stimuli. Frequency shifts in the
cantilever can be detected by phase-locked-loop systems. The frequency of the
resonating system can be determined as a function of the measurand, which alters
the shape or mass of the resonator by chemically sensitive material coupling or by
depositing material onto the resonator. The other components are an amplifier, a
detection module, and a vibration drive; vibrations are excited, then sensed in the
detection module, and fed back to the drive mechanism via the amplifier. Driving

Figure 8.1. (a) A schematic setup for cantilever measurement: a lock-in-amplifier (MFLI) supplies voltage to
the in-plane piezo actuator and Wheatstone bridge of a piezoresistive silicon-based cantilever sensor. (b) (i) The
frequency shift (Δf) observed in the resonance of a cantilever following exposure to an adsorbate (Δm). (ii)
When a uniform beam vibrates under a continuous force at a natural frequency, the deformation data can be
shown as the mode shape function, which is obtained at different points along the cantilever. Reproduced from
[25], with permission from MDPI. CC BY 4.0.
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the efficiency of the vibration excitation and detection mechanisms can be enhanced
by modifying the location and the geometry of the electrodes [26, 27].

The resonator design characteristics can be determined using the Q factor (Q).
It can be defined using equations (8.2) and (8.3) [27]:

π=Q
E
E

2 (8.2)stored

lost

⎛
⎝⎜

⎞
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= ∆Q
f
f

(8.3)0

where Estored is the stored total energy, and Elost is the energy lost per cycle because
of damping effects. Moreover, f0 corresponds to the resonant frequency with the
maximum amplitude, and ∆f represents the resonance difference of vibrations that
are 3 dB lower than the maximum amplitude. The frequency shift measurement
accuracy is proportional to the Q factor, and the higher Q factor corresponds to a
higher detection limit. On the other hand, the coupling of the resonator results in a
reduction in its resonant frequency since exposure to surrounding liquids or gases
increases the effective inertia of the resonator [26, 28].

To explain this condition, a myriad of models have been established, including
flexural, in-plane, torsional, and extensional oscillations for low-order modes of
cantilever beams using two-dimensional analysis [29]. These studies show us that
fluid viscosity has a crucial role in the frequency response, especially for two-
dimensional flow fields, since the cantilever beams have a high aspect ratio (length/
width) [30]. For the 3D forces, fluid compressibility is a crucial parameter affecting
the flexural modes for arbitrary mode orders [31].

The sensing abilities of resonating cantilever-based biosensors offer label-free
quantitative measurement of biological entities, including viruses, proteins, cells,
and nucleic acids using a variety of interfacing electronics and mechanical structures
[29, 32]. In particular, silicon-based materials are favored thanks to their low
dissipation and high Q factor. Moreover, polymers with high moduli, piezoelectric
and magnetoelastic properties have been used as cantilever fabrication materials
[33–35]. The fluid cell structure, the inlet and outlet ports are organized in such a
way that they are less affected by the noise due to the flow turbulence. Likewise,
special immobilization and cleaning processes prevent unwanted behaviors of the
system from occurring. In addition, many designs have been studied for single- or
multiple layers with either uniform or non-uniform surfaces at appropriate length
scales. The surface functionalization on the biosensor surfaces used for biorecogni-
tion processes can be accomplished using three steps: (i) surface chemistry prepa-
ration, immobilization, and passivation. Subsequently, two biosensing methods can
be applied, either continuous measurement of the resonant frequency or measure-
ment of the extremes of the resonant frequencies. For example, an electronic system
for a transducer based on a lateral resonating cantilever was developed to predict the
dynamic and static behaviors of an electrostatically coupled cantilever-driver
structure (CDS) using AC and DC voltages from a driver electrode placed closely
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parallel to the cantilever. For different voltage polarizations, the frequency response,
the static deflection, and the oscillation frequency response were calculated by
accounting for the 3D effects, including the fringing field contribution and the real
bending of the cantilever, which are relevant in CDSs with low width/gap ratios [36].
In another example, a mass-sensitive cantilever resonating in an air–liquid environ-
ment was designed to detect resonance frequency, surface tension changes, and
fluorescent intensity changes in 20, 40, and 80 μg mL−1 concentrations of rabbit anti-
mouse IgG antibodies on the sensor surface. The resonating properties of the
cantilever were characterized as follows: a 50% larger Q factor, a 62% larger
vibrating amplitude, and a signal-to-noise ratio 5.7 times higher than a completely
submerged cantilever; the surface tension was also observed between 57 and 71 mN
m−1 with a slit width of 6 μm [37].

To benchmark the analytical performance of the device/sensor, biological entities
such as bacteria, viruses, nanoparticles, or small molecules, are measured the most.
Sensors with very high absolute mass sensitivity can allow analytes to be recognized
and counted individually. As shown in some studies (figure 8.2), doubly clamped
very-high-frequency nanomechanical cantilever systems can accurately weigh as
little as xenon atoms with a noise floor limit of detection (LOD) of ~20 zg and a
resolution of 7 zg or 7 × 10−21 g [38]. As label-free biosensors, these systems have
been applied to the detection of biological samples, such as viruses, single cells,
proteins, and individual strands of DNA [3, 39].

8.1.3 Acoustic wave and piezoelectric micromechanical biosensors

Acoustic waves have been used commercially for over half a century in communi-
cations, automotive, and environmental applications. Applying radio frequency or
alternating current excitation to electrodes on a piezoelectric material generates
acoustic waves that spread across a material surface or perpendicularly form into
the bulk medium [40]. The acoustic wave sensor, first reported by Sauerbrey et al [41]
in 1959, demonstrated the applicability of acoustic waves in biochemical sensing using
a bulk thickness shear known as a thickness shear mode (TSM), the mode in a quartz
crystal microbalance (QCM), to measure the weight of a thin film by detecting its
resonant frequency [42]. Acoustic wave sensors have been adapted for biosensing in

Figure 8.2. A sample of nanomechanical resonators employed in mass sensors with low detection limits.
Oblique-angle SEM micrographs of (a)–(d) cantilevers (scale bar = 5 um) and (e)–(h) bridge oscillators (scale
bar = 2 um). The diameters of the Au pads from left to right are 50, 100, 200, and 400 nm. Reprinted from
[230], with the permission of AIP Publishing.
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recent years due to their high precision, ease of handling, and their ability to process
small amounts of biofluids [43]. In addition, acoustic wave-based devices are
advantageous because they are less expensive than other sensors without compromis-
ing on sensitivity [44, 45]. In acoustic biosensor technologies, acoustic waves pass
through a surface formed of a piezoelectric material that has been modified to capture
the target biomarker. When binding occurs, the mass of the biomarker changes the
properties of the waves, and thus a signal is generated [43]. Using its mass, which is an
essential property of any analyte, acoustic/mass-sensitive devices allow analytes to be
detected without labels [46].

Acoustic wave sensors are classified according to the waves used: surface or bulk
acoustic waves. A bulk wave is described as a wave propagating over a substrate
[47, 48]. Two essential devices are reliant on bulk acoustic waves: QCMs and film bulk
acoustic resonators (FBARs). The most widely used bulk acoustic wave-based device is
the quartz QCM, which has two metallic (usually gold) electrodes separated by a
quartz crystal (figure 8.3(a)) [45]. QCM devices use a bulk thickness shear mode that is
suitable for liquid and dry environments. These devices commonly have good
temperature stability and low bogus bulk wave generation [40]. In QCM biosensors,
the crystal surface is frequently covered with a specific receptor that binds to the target
analyte. When binding occurs, an increase in the hard crystal mass is observed, which
causes a change in the essential resonant frequency of the crystal. This sensor signal is
used to accurately determine the mass adsorbed on the crystal surface [46]. The ability
of QCM sensors to perform real-time measurements facilitates the possibility of using
them in automated continuous monitoring systems. This advantageous feature also
makes them applicable for the characterization of affinity-based systems [49]. QCM

Figure 8.3. A schematic representation of acoustic wave micromechanical sensors. (a) A QCM sensor
consisting of an AT-cut quartz crystal coated with two gold electrodes. Reproduced from [231], with
permission from MDPI. (b) The schematic cross-sectional view of an FBAR device. Reprinted from [232],
Copyright 2012, with permission from Elsevier. (c) A schematic representation of a shear horizontal surface
acoustic wave (SH-SAW) device. Reprinted from [233], Copyright 2016, with permission from Elsevier.
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biosensors are widely used for the detection of bacteria [50, 51], viruses [52, 53],
mycotoxins [49], disease markers [54, 55], and many other analytes, even at low
concentrations, due to their simple use, low cost, and sensitivity.

The essential operating principle of the FBAR, another bulk acoustic wave-based
device, is technically similar to those of QCM devices. FBAR devices have a smaller
base mass than those of QCMs, enabling a much higher resonance frequency and
eventually providing more sensitivity. Moreover, the operating resonance frequency
of FBAR devices is generally significantly higher than those of QCMs (sub-GHz to 10
GHz) [56]. The working principle of FBAR-based mass sensors is reliant on the mass
loading effect. Consequently, as the mass loading on the resonator increases, down-
ward shifts occur in the resonant frequency [57]. Unlike QCMs, FBARs employ
piezoelectric film instead of quartz crystal as the resonance unit. Hence, they can be
developed at small sizes, allowing higher sensitivity detection [58]. FBAR devices
typically have a three-layer structure, as shown in figure 8.3(b), consisting of a lower
electrode, a piezoelectric layer, and an upper electrode sputtered onto a silicon
substrate. When an alternating current signal is applied to the piezoelectric material,
the electrical signal is converted into an acoustic/mechanical wave that spreads
lengthwise in FBAR devices [57].

Devices based on surface acoustic waves (SAWs) were first designed in 1965 [59],
and these devices were utilizing interdigital transducers to generate SAWs.
Subsequently, extensive research into SAW sensors for a wide variety of applications
began to increase rapidly [60]. Among acoustic devices, SAW devices stand out due to
their small size, extremely high frequency, rapid response, high durability, and
integration with various receiver materials. These properties make them highly
suitable for the detection of chemical warfare agents [61], volatile organic compounds
[62], toxic gases and explosives [63, 64], and biological analytes [65, 66]. These devices
are made of piezoelectric materials, on which a periodic comb-shaped interdigital
transducer (IDT) pattern is created using photolithography or another process. After
an AC voltage is applied to an IDT, an acoustic wave propagates that spreads across
the crystal surface [67]. SAW devices are grouped into three categories according to
the type of surface wave: horizontal shift/Love wave sensors, Lamb wave (L-SAW)
sensors, and Rayleigh wave (R-SAW) sensors [68].

Shear horizontal surface acoustic wave biosensors provide precise and cost-effective
real-time detection of many analytes and biomolecules without labels, using horizon-
tally polarized surface shear waves. These biosensors typically comprise a planar
electrode formed from a piezoelectric substrate that contains IDTs (figure 8.3(c)).
Lithium tantalate, meeting most of the requirements for efficacious horizontally
polarized surface shear wave production, is employed as a substrate. These waves
are produced by IDTs using an AC voltage at a high frequency from 80 to 400 MHz
[69]. The shear horizontal wave generated in these devices has a displacement parallel
to the substrate. In-plane propagation provides the minimum damping of waves in
environments in which the detection area is liquid. Therefore, shear horizontal surface
acoustic wave biosensor devices are more suitable for research aimed at detection in
liquid environments [70]. Another type of SH-SAW device that is suitable for SAW
biosensors is the Love wave sensor, which is defined as the acoustic resonance of an
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accumulated layer in which horizontally polarized surface waves move across a
substrate [71]. Love wave-type surface acoustic wave sensors are one of the latest
designed devices for the incorporation into lab-on-a-chip systems, and they are
especially appropriate for DNA, antibody, and protein analyses. Love waves spread
to a close vicinity of a piezoelectric material’s surface, which supplies horizontal shear
waves if placed above a piezoelectric substrate with a lower shear rate. The amplitude
and the speed of the wave mainly depend on changes in the near-surface media [72].

Rayleigh waves are the other type of surface elastic wave of the broad acoustic
wave family, and they are similar to mechanical waves on the Earth’s surface [73].
Rayleigh waves can be defined as guided waves capable of propagating through a
semi-infinite solid medium surface. This wave preserves the majority of its energy,
compared to other kinds of body waves such as S-waves or P-waves, and it also decays
very slowly at the surface when the half-space is subjected to a harmonic load or
displacement [74]. R-SAW sensors are commonly used as gas sensors, in which role
they are responsive, yet they are not suitable for real-time detection in liquids due to
SAW damping. The high sensitivity of R-SAW sensors occurs because their wave
energy is naturally limited to the substrate without the need for a guiding layer [75].
On the other hand, Lamb wave devices support two different spreading approaches:
symmetrical and anti-symmetrical, which reflect the symmetry of particle motion
around the plate’s median [76]. Recently, as a good alternative to the operational
limitations of SAWs, Lamb wave-based sensors have been designed to work with
acoustic flow, sorting, mixing and particle patterning in a sessile droplet [77].
Generally, a Lamb wave is elliptically polarized with two-particle displacement
components, namely shear vertical and longitudinal. According to the wavelength
ratio of the specific plate thickness, a Lamb wave has a predominantly in-plane
longitudinal component with a near-zero shear vertical component [78].

The piezoelectric effect is the phenomenon whereby electrical charge forms on
certain materials due to the application of mechanical stress. This effect is a
reversible process, meaning that a volume change can be induced by an electric
field [79]. Therefore, piezoelectric materials are perfect for the transducer applica-
tions. Piezoelectric materials have recently garnered significant attention for sensor
applications. They are composed of various substances, such as organic materials
(e.g. polylactic acid (PLLA) [80] and polyvinylidene fluoride (PVDF) [81]),
inorganic materials (e.g. lead zirconate titanate (PZT) [82], and aluminium nitride
(AlN) [83]), composites, and biomaterials (e.g. cellulose [84], collagen [85], and
chitin [86]). Additionally, silicon dioxide (SiO2) [87] are also preferred for their high
mechanical durability. Although most organic polymers are already biocompatible,
inorganic materials may require encapsulation to achieve biocompatibility [88].

In addition, the use of piezoelectric material as a mass sensor causes the frequency
of the system to change; such a change can be calculated from Sauerbrey’s equation
(equation (8.4)) [40, 89]:

ρμ∆ = ∆
f

mf

A

2
(8.4)0

2
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where Δm is the mass loading, ƒ0 is oscillation frequency, p is the density of the
piezoelectric material, A is the surface area and μ represents the ratio of the mass to
the area. Additionally, a coupling factor, k2, is utilized to perform the conversion
between electrical energy and mechanical energy (equation (8.5)) [40, 90]:

ε=k
e

c
(8.5)2 31

2

11 33

where c11, e31, and ε33 represent the electrical field, the elasticity of the material, and
absolute permittivity, respectively. The coupling factor value depends on the type of
piezoelectric material used, the composition of its guiding layers, and the thicknesses
of the layers.

The sensing of biological and chemical markers on a deposited piezoelectric
surface is achieved by analyzing changes in the mechanical stress, electrical charge,
and applied mass. For instance, piezoresistors are utilized with MEMS to sense low
concentrations of markers by measuring the surface stress of the material.
Temperature is the main drawback of this method. However, utilizing four
piezoresistors as a Wheatstone bridge may overcome this issue [91].

Strain caused by periodic external stress leads to wave propagation inside piezo-
electric materials. This longitudinal or transversal wave defines the frequency range of
the device [89]. The wave spectrum utilized by piezoelectric biosensors consists of many
modes, such as the acoustic plate mode (APM), thickness shear mode (TSM), SAWs,
and the flexural plate wave (FPW) mode [40]. For instance, the FPW mode is a
vibrating mode that is induced by a substance composed of piezoelectric material and
structures resembling cantilevers or membranes. The stiffness coefficient of the canti-
lever is changed by the binding of molecules to the functionalized surface. This affects
the resonance of the sensor, since the bending moment on the cantilever is altered, and
markers are detected on the surface [92]. In a study, FPW devices were integrated with
self-assembled monolayers (SAMs) followed by the immobilization of immunoglobu-
lin-E (IgE) antibodies for allergen detection [93]. Additionally, piezoelectric materials
are new alternatives to conventional semiconductor materials in micromachined
ultrasonic transducers (MUTs). These devices are especially promising for medical
diagnosis, fingerprint recognition, and implant power supplies [94].

Immunosensors composed of piezoelectric materials detect specific antigen groups
and measure their concentrations using immobilized antibodies on their surface along
with favorable surface functionalization. As an antigen attaches to the immobilized
antibody, the frequency of the system oscillations alters, and biorecognition occurs.
Antigens with high molecular weights are preferred since their increased stimulation
causes a more significant decrease in the oscillation frequency. However, this effect can
also be obtained by introducing nanoparticles covered with antibodies [95].

8.1.4 Surface stress-based biosensors

The surface stress, σs, is the magnitude of work per unit area required to stretch a
surface (figure 8.4) [96]. Intermolecular forces arising from adsorbate–surface and
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adsorbate–adsorbate interactions of small molecules are known to be factors that
induce surface stress, which results from the mechanical bending of a solid substrate
[97]. The surface stress σs and F are given by equations (8.6) and (8.7):

σ = =dW
dA

F
w

(8.6)s

σ=F w. (8.7)s

where w, L, A, and F are the width, length, area, and force, respectively. In this
scenario of one-dimensional stretching (see figures 8.4(a) and 8.4(b)), the new area
dA = w.ΔL, and the work dW = F.ΔL.

The concept of surface stress has been known since the 1900s, and it was first
applied at the end of the 20th century for sensing studies [98–100]. The hypothesis of
surface stress is derived from the minuscule repulsive or attractive forces that can be
generated on a cantilever surface because of the alterations in its electronic energy
states or charge distribution when target–receptor interactions occur [101]. Surface
stress applied to a cantilever can be described by Stoney’s formula using different
dimensions (force per length) when the film thickness is very small or it obeys an
unknown function (8.8) [102]:

σ = Et
R6

(8.8)s

2

where E denotes Young’s modulus, t represents thickness, and R is the radius of
curvature resulting from the interactions of molecules with the thin-film cantilever.
Furthermore, the deflection, δ of a cantilever system can be explained by the bending
obtained from the radius R and the length, L, of the cantilever curvature equation
(8.9) [96, 102]:

δ σ= L
Et
3 (8.9)

2

2 s

From a chemistry perspective, it can be explained by an atomic bonding at the
surface. If bond strengths between surface atoms are more powerful than those
between subsurface atoms, tensile surface stress is generated by attractive forces,
resulting in a concave surface curvature. On the other hand, if the surface atoms tend

Figure 8.4. Surface stress on a cantilever. (a) A stretching force acting on a surface. (b) Graph of one-
dimensional deformation. (c) A design that considers lateral deformation. Reprinted from [96], Copyright
2019, with permission from Elsevier.
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to repel each other, compressive surface stress is induced, resulting in a convex
surface curvature [103, 104].

In the early developmental stage of surface stress-based biosensors, scientists
made a good analogy between biology, in which the interactions of membrane
molecules result in the lateral tension of a lipid bilayer and a cantilever system [105,
106]. This technology includes a relatively new class of biosensor, which encom-
passes three main features: (i) a transporter of analytes, (ii) a sensitive element that
has a selective layer and a cantilever or membrane as a transducer, and (iii) a signal
detection system [104]. Such biosensors can be described as microscale and label-free
systems that work in the reported range of 1 mJ m−2 to 900 mJ m−2 [97, 107–110].

The transporter of analytes is geometrically restricted to a small size to meet the
requirements for microdomain forces and low energy consumption. Microfluidics is
generally employed to mimic conventional analyte handling techniques, which
enables the use of facile fabricated, highly integrated systems, allowing the rapid
analysis of biological materials [111]. The sensitive element of such sensors
highlights the ability of surface stress sensors with selective layers to detect a
myriad of reactions, e.g., antigen–antibody binding [112], DNA hybridization
[113], SAM formation [114], and phase-transitive reactions [115]. The transducer
layer can either be a membrane or a cantilever. This element basically has two main
layers: a submaterial layer (such as silicon, aluminum nitride, silicon nitride,
polymethylmethacrylate (PMMA) or polydimethylsiloxane (PDMS)) and a contact
layer, i.e. a gold layer. For instance, a microcantilever-based aptasensor was
developed with thrombin DNA aptamer (TBA15–1) as a biorecognition element
using a plasma treatment from the top, and a layer of gold was coated from the
bottom side and developed using an SU-8 polymer and MEMS lithography [116].
Compared to its silicon counterparts, the deflection value of the SU-8 polymer-
based microcantilever was found to be an order of magnitude greater, due to its
small Young’s modulus. However, cantilevers are mostly developed stiff substrates
with low selectivity and anisotropy, resulting in very limited sensitivity, yet good
biocompatibility. Moreover, cantilever geometry is not the best option for sensing
in liquid media, and thus, it can severely reduce the signal-to-noise ratio (SNR)
because of non-specific adsorption on the backside of the cantilever [117]. Hence,
membranes are more convenient than cantilevers for sample isolation and detec-
tion. For example, a surface stress-based capacitive biosensor was developed via
the structural optimization of a micromembrane consisting of a PDMS submem-
brane coated with gold that served as a sensitivity layer. The membrane shape, the
coverage of gold, and the thermal strain mismatch were optimized using deflection
and capacitance finite element analysis (FEA, ANSYS®). The sensor responses to
reactions causing deflection for a surface stress change σ s and the equivalent
temperature load ΔT were calculated using equations (8.10) and (8.11), respectively
[118]:

σ= −
R Et
1

6
1

(8.10)
2 s
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σΔ = ∂T
E Tg. g. g (8.11)

s

where v is Poisson’s ratio, Eg is Young’s modulus, ∂g is the coefficient of thermal
expansion, and Tg is the thickness of gold used. The results demonstrated that the
geometry and gold coverage of the membrane affects the deflection rate and the
sensitivity of the sensor system.

Signal detection setups can generally be classified into those based on electrical
detection and optical detection. The optical systems can be categorized into those based
on radioactive [119], fluorescent [120], and fiber interferometry detection [121]. The
electrical systems can be further classified into those based on piezoresistive [122] and
capacitive detection [123]. In principle, microcantilever approaches depend on easy and
rapid optical methods to detect deflections without any internal sensing material that
can disturb cell environment. On the other hand, the thermal effect of heat drift
constitute a disadvantage that causes an excessive temperature increase in the canti-
levers [124]. From an application perspective, a surface stress biosensor utilizing a
MEMS-based Fabry–Perot interferometer for label-free sensing of an antigen–anti-
body interaction was designed on a movable parylene C membrane with 300 nm of Au
film. By editing the spring constant and coverage ratio of the Au half-mirrors, the
sensitivity and selectivity were modified to detect the amount of deflection. The
wavelength selectivity was improved by 6.6 times through integrating these mirrors
further to that a reflection peak shift since bovine serum albumin (BSA) antigen-
antibody interaction was observed spectroscopically using the fabricated optical
interferometer [125]. Compared to optical detection, electrical detection is a relatively
low-cost and facile system that can be used with opaque solutions, yet its fabrication
process is complex, and the stiffness of the materials used is larger than those of the
usual sensing elements, thereby reducing the sensitivity. From an application perspec-
tive, a piezoresistive membrane-type nanomechanical cantilever sensor created by
boron diffusion onto single-crystal silicon has emerged for the label-free and real-time
detection of analyte-induced surface stress. The adsorbate membrane consists of four
piezoresistive sensing beams, consisting of a full Wheatstone bridge, which is ∼43 times
more efficient than a standard cantilever (figure 8.5). The relative resistance change
(ΔR/R) was evaluated by FEA (COMSOLMultiphysics 3.5a) by applying compressive
surface stress (−3.0 N m−1), resulting in downward deflection and tensile stresses in the
x (σx) and y (σy) directions, where π44 (∼138.1 × 10−11 Pa−1) is a typical piezoresistance
coefficient in the equation as follows (8.12) [126]:

π σ σΔ = −R
R

1
2

( ). (8.12)x y44

8.2 Virus detection using micromechanical biosensors
In history, we have faced many clinical conditions and diseases; however, infectious
diseases have gained the attention of researchers because they can spread to other
individuals in various ways, such as through contact, contaminated air, water or
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food [127, 128]. Therefore, controlling infectious diseases is crucial to maintaining
global health. In addition, socio-economic, environmental, and ecological factors
are also strongly influenced by infectious diseases [127]. In the last decade, infection-
related mortality and morbidity have increased at an alarming rate. More specif-
ically, the various types of viruses (e.g. HIV, dengue, ebola, Zika, influenza,
hepatitis, norovirus, severe acute respiratory syndrome (SARS), and SARS-
CoV-2) have a significant impact on multiple aspects in society, science, and
technology [129]. Traditional diagnostic procedures are mainly based on enzyme-
linked immunosorbent assay (ELISA), nucleic acid detection (e.g. a polymerase
chain reaction (PCR)), culturing, or microscopy, which are complex, time-consum-
ing, and expensive, and also they require sophisticated instruments and highly
skilled personnel for their proper operations [130]. As a consequence of these facts,
simple, rapid, accurate, portable, multiplex, and inexpensive diagnostic platforms
are among the primary concerns of research into early detection, which is a crucial
clinical step required to initiate effective treatment [128]. Considering the drawbacks
of conventional detection techniques, the necessity for a novel detection platform
cannot be ignored. Therefore, recent advances in biosensor development offer
crucial solutions and provide rapid, cost-effective, and facile platforms. They present
notable improvements in sensitivity and multiplexed sensing modalities for point-of-
care (POC) settings [130, 131].

Figure 8.5. (a) A schematic illustration of the membrane-based sensor with p-type piezoresistors on a single
crystal of n-type silicon. (b) The deformed shape of the membrane. (c) The distribution of ΔR/R on the surface
of the sensor with current flowing in the x direction. Reprinted with permission from [126]. Copyright 2011
American Chemical Society.
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8.2.1 Coronavirus

Over the last few decades, three major types of pathogenic coronavirus, i.e. SARS-
CoV, Middle East respiratory syndrome coronavirus (MERS-CoV), and SARS-
CoV-2, have spread to large territories, resulting in a high rate of morbidity and
mortality [132, 133]. SARS-CoV was the first coronavirus that emerged in China in
2002, spreading rapidly to more than 30 countries and leading to about 8000 SARS-
CoV cases [134]. Later, in 2012, a new type of coronavirus known as MERS-CoV
was discovered in Saudi Arabia. It was found that camels transmitted it to humans,
and it spread to over 27 countries, with a total of 858 cases recorded worldwide
[135]. The latter, SARS-CoV-2, was detected in China in December 2019. The impact
of the COVID-19 pandemic continues all over the world [136]. This virus spreads
rapidly, and it causes serious health problems, such as difficulty in breathing, limb pain,
fever, and severe coughing [129]. A patient infected with SARS-CoV-2 takes two to
seven days to display symptoms, so about half of all patients are asymptomatic.
Therefore, it can easily be transmitted from a patient to a healthy person [137].
According to a survey from the World Health Organization (WHO), over 264 million
COVID-19 patients have been identified and over 5.2 million people have died up to
December 2021.

In order to suppress the spread of the virus, it is essential to monitor and track the
COVID-19 status of persons. A wide variety of imaging techniques, including chest
computed tomography (CT) scans [138], single-photon emission computed tomog-
raphy (SPECT), and positron emission tomography (PET) have been utilized for
COVID-19 detection. These methods, however, have low sensitivity, and they are
bulky and expensive. Moreover, they can only be performed by trained professionals
in centralized hospitals [139]. Furthermore, these methods cannot be easily integrated
into the POC settings for broad applicability in screening studies [140]. Briefly, current
COVID-19 detection methods include ELISA [141], loop-mediated isothermal
amplification (LAMP) [142], chemiluminescence [143], CRISPR (clustered regularly
interspaced short palindromic repeats) [144], and reverse transcription-polymerase
chain reaction (RT-PCR) assay [145]. Antibody-based detection methods, such as
ELISA, are not suitable for early diagnosis. Moreover, CRISPR and immunoglobulin
G (IgG) can only be detected in the patient’s blood after five to ten days. Another
common issue in this process is false-positive results caused by the interference of
other proteins in human blood [146]. Although RT-PCR is the gold-standard method
for SARS-CoV-2 detection, it is laborious, time-consuming, and it requires a trained
person to carry out the process, including purification, nucleic acid amplification, and
fluorescence detection. Moreover, this method has a high false-negative ratio (FNR),
and people who have false-negative results can spread viruses and infect other
individuals [147].

On the other hand, biosensors are powerful tools for COVID-19 detection,
offering high sensitivity, high accuracy, and fast turnaround. Majorly, biosensors
are classified as optical, electrochemical, electrical (FET), and mass-based biosen-
sors [148, 149]. Due to their advantages, piezoelectric biosensors, also known as
mass-based mechanical biosensors, have piqued the interest of researchers seeking to
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detect COVID-19. In 2004, a QCM piezoelectric immunosensor was developed for
SARS-CoV detection from the sputum gas phase. Briefly, horse polyclonal anti-
bodies were immobilized on a crystal surface through protein A in order to achieve
an oriented antibody structure. The viruses were specifically adsorbed by the
antibodies after an incubation. The mass load on the sensor was changed due to
virus adsorption on the crystal surface, leading to frequency variations. The
frequency was linearly correlated to the SARS-CoV concentrations, with a dynamic
measurement range of 0.4–6 μg mL−1, and an analysis time of less than 2 min. The
biosensor exhibited good reproducibility, and the device could be reused 100 times
without the loss of activity. In addition, the sensor remained stable for two months
while kept over silica gel blue at ° − °4 C 6 C [150].

In another study, a microcantilever sensor was utilized for feline coronavirus
(FIP) detection. A polyclonal type I FIP anti-viral antibody was immobilized on the
cantilever surface. The cantilever bending and its deflection were measured using the
optical beam deflection method as the sample approached the unit cell of the sensor
(figure 8.6). This research achieved a limit of detection of 0.1 μg mL−1 and an assay
running time of less than an hour. This work provides an opportunity for the further
utilization of microcantilever sensors for the detection of human-associated SARS-
CoV [151].

Recently, a MEMS biosensor conjugated with PZT piezoelectric discs was
developed for COVID-19 detection. The piezo discs were coated with a sialyl
glycopolymer cross-linker polymer receptor to increase the induced surface stress
and SL-polyacrylamide (SL-PAA) in order to target the particular protein found on
the virus for enhancing device specificity and signal amplification. As the sample was
injected, the radial mode resonance frequency shifted due to the surface stress caused
by the addition of the sample and the viruses. It was demonstrated that the
resonance frequency shift and the virus concentration had a linear correlation. It
was also shown that as the piezoelectric disc’s thickness decreased, the sensitivity
increased. In this study, the SARS-COV-2 concentration was measured in the range
of 104–108 virions mL−1 [152].

Figure 8.6. The schematic diagram of the instrument used to measure cantilever deflection and demonstrate
the glass flow cell. Reprinted with permission from [234]. Copyright 2001 American Chemical Society.
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8.2.2 Human immunodeficiency virus

HIV is a virus that attacks the host’s immune system and causes acquired
immunodeficiency syndrome (AIDS). According to the WHO, 38 million people
were living with HIV, 1.7 million new infections occurred and ~1 million people died
because of HIV-related disease up to the end of 2019 [153, 154]. These statistics
emphasize that HIV infection is a primary public health concern, as it causes high
mortality and morbidity. HIV first came to light in the 1980s, when homosexual men
were found to have advanced and unexplained immunodeficiency. The origin of the
virus is thought to be non-human primates (chimpanzees), and it has spread all over
the world over the years [153]. The prevalence of HIV infection in low-income
countries (especially in sub-Saharan Africa) is much higher than developed
countries. The main reason for this situation is low levels of access to high-
throughput systems for diagnosis and treatment. The conventional diagnostic
procedures consist of nucleic acid tests (NAT), antigen/antibody tests, and antibody
tests using blood, serum or oral fluid samples [153].

In one study, for instance, a microcantilever-based principle was employed to
detect HIV envelope glycoprotein (Env) gp120 [155]. Accordingly, the cantilever was
functionalized using monoclonal antibodies (mAbs) A32 or T8 for specific binding to
gp120, and after HIV was captured, the deflection change was compared to the
baseline (figure 8.7(a)–(c)). The developed platform proved that cantilever-based
biosensor systems are promising methods for HIV-1 infection detection, offering easy-
to-use and portable systems [155]. Another study introduced a platform to detect
HIV-2 [156]. This platform utilized a label-free immunosensor approach combined

Figure 8.7. (a) A cantilever functionalized with SAMs and antibodies. (b) Total deflection and (c) cumulative
deflection changes with respect to time. Reprinted from [155], Copyright 2006, with permission from Elsevier.
(d) The illustration of QCM surface functionalization. (e) The frequency change was observed when antibodies
were injected into the QCM sensor. Reprinted from [156], Copyright 2011, with permission from Elsevier.
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with an electromagnetic piezoelectric acoustic sensor (EMPAS). Herein, a quartz
wafer surface was functionalized with a self-assembled monolayer and HIV-2
immunodominant epitopes (see figure 8.7(d)). Specificity and selectivity analyses
were performed using HIV-2 or HIV-1 monoclonal antibodies [156]. On the other
hand, QCMs are among the most popular micromechanical biosensor designs, since a
variety of approaches can be employed. In contrast to the classical approach (e.g.
antibody or aptamer functionalization), one of the studies employed molecularly
imprinted polymer (MIP)-coated surfaces to create specific grooves for accommodat-
ing target molecules [157]. In this study, MIPs were fabricated via epitope imprinting
techniques using the HIV-1 gp41 protein template (figure 8.8(a)). Epitope-imprinting
polydopamine film not only offers template recognition, but also provides the
recognition of the corresponding protein. The use of polydopamine was another
novelty of this study, since its use in epitope imprinting has not been common
compared to that of dopamine, which is often employed in MIPs due to its high
stability and biocompatibility. In addition, facile protocols, high stability, and
sensitivity are benefits of these platforms [157]. Another QCM technique was adapted
to develop a diagnostic tool for HIV-1 detection [158]. This technique was combined
with gold nanoparticles (AuNPs) to enhance the signals that detect the window of
the HIV infection period (figure 8.8(c)). Briefly, AuNPs were synthesized by reduction,

Figure 8.8. (a) The schematic representation of epitope imprinting. (b) The frequency change was obtained
when the template was applied in two different concentrations (10 ng mL−1 and 20 ng mL−1) and returned to
the baseline. Reprinted from [157], Copyright 2012, with permission from Elsevier (c) A schematic
representation of surface functionalization with MUA, streptavidin, biotin–streptavidin conjugation, anti-
body–antigen interactions, and streptavidin–Au binding. (d) The frequency change was obtained due to the
applied ligands. Reprinted from [158], Copyright 2016, with permission from Elsevier.
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and streptavidin was then decorated on their surfaces. At the surface chemistry steps,
the sensor surface was first treated with 11-mercaptoundecanoicacid (MUA) and
streptavidin. Next, biotinylated polyclonal antibodies, which are capable of capturing
HIV-1 p24 antigen, were immobilized. This platform is a promising tool for
HIV-1 detection from serum samples, and it provides the detection of antigens, as
low as 1 ng mL−1 [158]. In addition, a piezoelectric biosensor was developed to detect
HIV-1 and HIV-2 from human serum. The surface was functionalized with antibodies
against HIV-1 and HIV-2. The LOD was found to be 12 tissue culture infective
doses (TCID50s) for HIV-1 (approximately 3,000 viral particles) and 87 TCID50s for
HIV-2 in buffers. Considering the nucleic acid techniques, this platform offers some
advantages in terms of accuracy, the precision of measurement, and operation [159].
In another example, a microcantilever sensor was designed to capture p24 antigen in
order to determine HIV infection. The dynamics of the beam were simulated by the
COMSOLMultiphysics software to model the stress and displacement. Elastic silicon-
based (SiO2, Si, and Si3N4) materials were used as wafers, since Young’s modulus and
Poisson’s ratio play critical roles in the deflection rates of different geometries. The
results showed that SiO2 and a V-shaped design were the optimum parameters, due to
larger amounts of deflection [160].

8.2.3 Hepatitis

Hepatitis, i.e. the inflammation of liver, holds serious health issues, leading to
cirrhosis and liver cancer. This inflammation is majorly caused by various hepatitis
viruses, including hepatitis A (HAV), hepatitis B (HBV), hepatitis C (HCV),
hepatitis D (HDV), hepatitis E (HEV), and hepatitis G (HGV). Briefly, HAV
infects an estimated 1.4 million people worldwide per year [161]. It has been
estimated that two billion people worldwide have been infected with HBV.
Moreover, 360 million people are chronically infected by HBV, and 600 000 die
each year from HBV-related liver disease [162]. Currently, approximately 170
million people worldwide are affected by HCV, and about 3–4 million people are
infected globally by the HCV virus each year [163–165]. Hepatitis viruses can be
classified according to their severity, chronicity, genomic types, antigenic patterns,
and transmission mode [166]. Considering the vast number of people worldwide who
have hepatitis and the scarcity of cures for all forms of hepatitis, early detection of
hepatitis viruses in various bodily fluids is crucial for controlling and limiting the
spread of these viruses, as well as reducing liver-related disease, cancer, and
mortality rates.

Several attempts have been made over the last two decades to detect specific
biomarkers located on the surface of the hepatitis viruses or to capture antibodies
produced against hepatitis viruses. Immunoassay is one of the most frequently
employed serological methods for detecting hepatitis viruses. It focuses on the
interactions between antibodies and antigens (biomarkers) [167]. This method can be
expanded to ELISA [168], RIA (radio-immunoassay) [169], immuno-chromato-
graphic assay (ICA) [170], immuno-chemiluminescence [171], and lateral flow
immunoassay (LFA) [172]. Generally, in the immunoassay method, an antigen is

Biosensors for Virus Detection

8-19



captured by an appropriate antibody and the response can be qualitatively or
quantitatively measured. This method’s key advantages are low reagent consump-
tion, high sensitivity and stability, low LOD, and ease-of-use. However, the
immunoassay approach is expensive and time-consuming, rendering it is
unsuitable for clinical applications because the approach needs to be faster and
cheaper considering its expansion to the POC and resource-scarce settings [173].
Basically, LFA uses a sample pad, a conjugate pad, an analytical membrane, and a
wicking pad. Once the sample is introduced, it passes through the LFA device by
capillary force, and later on, reaches the detection site where antigens or antibodies
in the sample interact with immobilized antibody antigens on the LFA platform,
resulting in a colorful signal that can be distinguishable by a naked-eye [174]. While
LFA has higher specificity, sensitivity, and a lower processing time than other
immunoassay methods, making it more suitable for clinical applications.

The molecular detection technique is another impactful method used for various
types of hepatitis virus detection; in particular, HBV and HCV have been detected
with high accuracy as shown in the literature [175]. Molecular approaches include
real-time PCR [176], NAT [177], and RT-PCR. In summary, the PCR method relies
on the amplification of nucleic acids, mainly RNA and DNA. Accordingly, several
DNA target fragments are amplified in a single tube after a large amount of the
desired nucleic acid is synthesized in a short period of time. The primary application
of NAT methods is to amplify and detect RNA. Molecular detection-based methods
have higher sensitivity, specificity, and a wider dynamic range than serological
methods. They can also be beneficial when serological techniques fail to respond
appropriately [178]. In particular, HBV DNA can be identified using the PCR
method even if all serological biomarkers are negative [179]. However, molecular
detection methods necessitate complex instruments and post-processing, and they
are incapable of demonstrating virus viability [175].

A wide variety of biosensors including electrochemical [180], optical [181], and
mass-based (mechanical) sensors [129] have been utilized in the literature for virus
detection. Piezoelectric biosensors are prevalent among researchers because of their
advantages, which include high sensitivity and specificity, low cost, real-time
analysis, and label-free detection [182–184]. A QCM biosensor has been developed
for HBV DNA detection [185]. In this research, an HBV nucleic acid probe was
immobilized on a gold electrode surface using polyethyleneimine adhesion, the
polyethyleneimine glutaraldehyde (PEI-Glu) crosslinking method, and physical
adsorption. The results showed that as compared to adsorption immobilization,
the use of polyethyleneimine adhesion and glutaraldehyde crosslinking leads to the
improvements in reproducibility and stability. Furthermore, HBV DNA concen-
tration was able to be measured in the range of 0.02–0.14 μg mL−1, and the
biosensors provided reusability, so that the dynamic range was not affected after five
time-uses of the regeneration procedure. In another study, peptide nucleic acid
(PNA) rather than DNA was employed for real-time monitoring of HBV DNA-
PNA hybridization [186]. The PNA probe was immobilized on a gold surface
through biotin-avidin binding, which replaced the traditional DNA probe for the
direct detection of HBV genomic DNA without prior amplification by PCR. The
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device was relatively fast, and the hybridization assay was completed in 50 min. In
addition, the LOD and the specificity were 8.6 pg L−1 and 94.44%, respectively. The
results were also correlated with those of the gold-standard real-time PCR method,
indicating that the fabricated biosensor would be used in clinical applications.

The microcantilever is a mechanical sensor whose material and structure have
been greatly improved by developments in the fields of micro- and nanofabrication
[187]. Microcantilever sensors have several advantages, including high sensitivity,
low-cost, simple operation, and label-free detection, so they can be used as
biosensors for DNA hybridization [188], immunoassays [189], and virus detection
[190]. For HBV DNA detection, a dynamic microcantilever biosensor enhanced
with silica nanoparticles was designed (figure 8.9) [191]. For the DNA target, a 243-
mer nucleotide of the HBVDNA precore–core region was used. The detection probe
was conjugated with silica nanoparticles, while the capture probe was attached to
the microcantilever surface. The detection level of 243-mer HBV target DNA, which
was in the picomolar range without the use of nanoparticles, was significantly
enhanced by the use of nanoparticles and reached the femtomolar range using the
signal amplification strategy. Also, the HBV target DNA concentration provided a
linear correlation with the resonant frequency shift. The LOD was 2.3 fM, pointing
out that microcantilever biosensors are sensitive and reliable tools for DNA
detection.

A Love-wave-mode SAW immunosensor was developed for HBV antibody
(HBsAb) detection in whole blood samples. In this design, SiO2 layers were used

Figure 8.9. Dynamic microcantilever and resonant frequency apparatus measurements. (a) A device composed
of twelve microcantilevers and SEM images of two different types of the microcantilever. (b) A schematic
representation of an impedance analyzer to determine the resonant frequency. (c) The resonant frequency data
was extracted from an impedance signal. Reprinted from [191], Copyright 2009, with permission from Elsevier.
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as waveguide layers not only to protect the electrode from liquid media, and also to
capture acoustic energy near the surface. To achieve a high sensitivity, the guiding
layer thickness was thoroughly investigated. The HBV surface antigen (HBsAg) was
immobilized on the sensing element to capture HBsAb while the resonance
frequency shift was monitored. A reference SAW device was coated with BSA to
eliminate the non-specific binding of HBsAb on the surface, minimizing the impact
of other potential factors that could affect the mass alterations. The results
demonstrated that the sensor was HBsAb specific and there was a linear correlation
between the frequency change and the antibody concentration. The biosensor
sensitivity was 0.74 Hz (μL-1), and the LOD was less than 10 pg (μL-1) [192]. In a
recent study, HBsAg was successfully detected by a PZT integrated assay [193].
Furthermore, various analytes (HBcAg and AFP) were also studied and a dynamic
range of measurement concentrations was obtained by the use of multiple reaction
sites in the same assay.

8.2.4 Ebola

The ebola virus disease (EVD), originating from a contagious zoonotic infection,
was first identified in 1976. The genus Ebolavirus, consisting of negative-strand RNA
viruses in the Filoviridae family, causes hemorrhagic fever that is also transmitted
between humans through bodily fluid contact, with an incubation period in the
range of 1–21 days [194, 195]. It invades most major organs and causes pathogenic
multisystem failure in humans [196]. Five species are known to be responsible for
epidemics: Forest ebolavirus, Sudan ebolavirus, Bundibugyo ebolavirus, Reston
ebolavirus, and Zaire ebolavirus [195]. EVD is thought to have first caused an
infection by direct contact with live or dead animals [197]. The initial symptoms of
Ebola are not explicit and they also overlap with other fever-related illnesses; thus,
the quick identification of potential cases is crucial to prevent a public health risk
holding a mortality rate of 30%–90% [198, 199]. The endemic regions are mainly
Central and West Africa, where the availability of medical equipment and trained
staff is limited. The current diagnostic methods used for the detection of Ebola
viruses could be grouped into three basic categories: (i) serologic tests for the
detection of host antibodies IgG [200] or IgM [201], (ii) antigen tests used for the
sensing of viral proteins [202] and RT-PCR [203], (iii) molecular (genomic) tests used
for the detection of RNA sequences. In particular, sophisticated POC devices could
hold the potential to halt future pandemics [204].

From a mechanical biosensor perspective, a reduced graphene oxide (rGO)-based
FET platform was used as a biosensor for the real-time detection of the EVD
antigen. To improve the semiconducting characteristics of rGO, an AuNP electro-
sprayed graphene oxide sheet was used as a conducting channel on the electrodes,
and anti-Ebola probes were immobilized to interact with EVD antigens. Part of the
rGO sheet passivated by an Al2O3 film was created to bridge the gaps between the
source and drain electrodes. A fixed drain–source voltage (Vds) was applied between
the source and drain electrodes to provide a stable signal. Zaire ebolavirus
glycoprotein (EGP) in 0.01 × phosphate-buffered saline (PBS), human serum, and
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human plasma solutions were sensed with the LOD of 1 ng mL−1, and the sensitivity
increased from 6.5% to 14% (see figure 8.10) [205]. In addition, an SAW sensor and a
label-free pathogen-sensing POC device were designed for quick detection of ebola
antigens without the necessity for any sample preparation, preparation protocols, or
additional reagents. The sensor chips were developed using lithium tantalate
(LiTaO3) wafers and a piezoelectric substrate containing IDTs. When an 80–400
MHz alternating voltage was applied to the IDTs, the polarized surface shear waves
were propagated horizontally in the piezoelectric substrate. The interactions
between the antibody and the viruses emitted an acoustic wave, leading to a
frequency alteration that was observed as a log–linear sensor response with the
LOD of 1.9 ×104 PFU mL−1 [206].

8.2.5 Zika virus

The Zika virus, an arthropod-borne virus (arbovirus), is a member of the
Flaviviridae family and it is transmitted through infected mosquito bites, similarly
to other arboviruses, such as dengue and chikungunya. In addition to direct
infection from mosquitoes, infected hosts can also transmit viruses to the fetus
during pregnancy, sexual contact, the transfusion of blood and blood products, and
organ transplantation [207]. The symptoms are not specific to Zika infection, and
this generally leads to misdiagnosis [207]. The common symptoms are known to be a
macular or papular rash, fever, arthritis or arthralgia, non-purulent conjunctivitis,
myalgia, headache, retro-orbital pain, edema, and vomiting. More rarely, hema-
tospermia, transient dull and metallic hearing, swelling of the hands and ankles, and

Figure 8.10. (a) A schematic of rGO-based FET biosensor. Dynamic response data of the FET biosensor
was obtained from (b) EGP in 0.01 × PBS, (c) EGP in 0.01 x human serum, and (d) EGP in 0.01 × human
plasma. Reprinted by permission from Springer (GmbH): Springer Nature, Scientific Reports [205], Copyright
(2017).
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subcutaneous bleeding may occur [208]. A significant number of patients have mild
symptoms, but asymptomatic cases are also known [209].

Diagnosing Zika infection is conventionally carried out using viral nucleic acid
(through RT-PCR), IgM antibodies (such as through MAC-ELISA), or a plaque
reduction neutralization test (PNT). A definitive diagnosis can be performed using
viral nucleic acid from serum; RT-PCR provides conclusive results after one week
from the onset of clinical illness [208]. Compared to these methods, a gold-standard
diagnosis platform is still a primary necessity. In particular, the massive risk of the
cross-reactivity of antibodies for flaviviruses hinders the development of antigenic
detection platforms and the interpretation of serologic test results [208, 209].
Moreover, these tests are expensive, hard to conduct, time-consuming, and risky
due to the handling of intact viruses. In addition to these limitations, standard
reagents are required, which are not easily accessible [208]. Given these facts, the
requirement for an accurate, easy-to-use, and cost-efficient detection platform
cannot be ignored.

Considering the novel platform requirement, a wide variety of biosensor systems
for the diagnosis of Zika infection have been sought by researchers. Micromechanical
biosensors are one of the most applied approaches for Zika detection. A recent study,
for instance, introduced a QCM biosensor functionalized with aptamers to capture
the Zika virus through capsid proteins [210]. The study exhibited three different
microbalances, namely a 5 MHz commercial AT-cut (QSense) quartz microbalance, a
10 MHz AT-cut quartz sensor, and a 433 MHz lithium niobate (LiNbO3) sensor. The
third microbalance sensor utilized the SAW principle. A comparison was performed
between commercially available QCMs and LiNbO3. The sensitivity of the LiNbO3

sensor was determined to be 370 Hz ng−1 with the LOD value of 2.7 pg; the sensitivity
of the typical commercial 5 MHz QCM was 1 Hz ng−1 and its LOD was 1 ng. The
introduced system is promising not only for Zika detection, and it would be adapted
to detect other virus types [210].

Microfabricated cantilever beams have been employed as biosensors, utilizing the
residual stresses upon to mass accumulation on the surface. A recent study
demonstrated cantilever beams and aptamers to detect the Zika virus [211]. The
surfaces of the microfabricated silicon nitride cantilever beams were coated with
gold disks and triangles to mediate the quantification of residual stresses formed
when the Zika viruses were bound to the immobilized aptamers. The tensile residual
stresses generated were approximately ∼ 53 MPa. The stress bent the nitride beams
and led to a change in their reflective color and apparent length. The sensitivity of
the developed biosensor was observed to be 2 kHz ng−1 [211].

8.2.6 Norovirus

The noroviruses are members of the genus Norovirus within the family Caliciviridae,
and they are single-stranded positive-sense RNA viruses. Noroviruses are human
enteric pathogens transmitted by food contaminated through feces. Vomiting and
person-to-person contact are responsible for at least 50% of all gastroenteritis
outbreaks worldwide [212, 213]. Norovirus was first identified in Norwalk, Ohio, in
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1968 [214]. The kinetics of norovirus outbreaks seem to be connected with complex
interaction variables, including environmental and genetic factors [215]. Due to its
enhanced ability to survive in the environment, a small inoculum is required to
produce infection (<100 viral particles), for prolonged viral shedding [216]. Electron
microscopy was first used for determining viruses, but it is a time-consuming method
that cannot be applied to the POC settings [214]. Molecular cloning, enabling capsid
protein expression and a comparison of the sequences of caliciviruses has revealed
four species: lagovirus, vesivirus, norovirus, and sapovirus [217]. Subsequently, the
virus was detected either by electron microscopes or immunologic assay methods,
such as ELISA and PCR [218]. These systems lack specificity and sensitivity.
Besides, it is critical to detect norovirus quickly due to the shedding rate of 105−109
noroviruses per gram of feces for 8–60 days [219]. Here, micromechanical biosensor
systems could be a breakthrough in addressing such problems mentioned. For
instance, a silica microbead-based microfiltration zone and a graphene and gold
nanoparticle (Grp-AuNP) composite integrated electrochemical ferrocene tagged
aptasensor on a disposable microfluidic platform were developed to detect norovirus
[220]. The Grp-AuNP composite provided a durable substrate for aptamer immobi-
lization and microbeads, which filtered out larger particles or solids from the
solution. The interactions between the noroviruses and the aptamer led to a decrease
in the electrochemical signal originating from the ferrocene. The aptasensor was
easily able to distinguish between the target norovirus and other interfering
molecules, along with a detection limit of 100 pM and a detection range between
100 pM to 3.5 nM. In another example, a graphene-based FET biosensor composed
of a set of antibody-based affinity reagents was used to catch norovirus on a flexible
Kapton substrate manufactured by 3D inkjet printing with a sheet resistance as low
as 110 Q sq−1 [221]. The change in the S12 (i.e. the voltage gain from source to drain)
signal intensity at a frequency of 10 GHz provided a linear dose–response relation-
ship from 0.07 to 3.70 dB when the concentration of norovirus VLP protein
increased from 0.1 to 100 μg mL−1.

8.2.7 Influenza

Influenza, which belongs to the Orthomyxoviridae family, is an acute respiratory
disease caused by different influenza viruses. It covers diverse subtypes of the virus,
including influenza A, B, and C, differentiated by considering the antigenic differ-
ences in their nuclear and matrix proteins [222, 223]. Influenza type C causes
relatively milder infections and does not create epidemics, compared to influenza
types A and B, which cause respiratory illness epidemics, leading to severe impacts
on public health through increased rates of hospitalization and mortality [223].

The genome of the influenza viruses is negative-strand RNA that contains eight
genes coding for ten proteins, including the surface proteins hemagglutinin (HA)
and neuraminidase (NA) [223]. In addition to these three subtypes, the influenza
A virus is categorized according to its hemagglutinin, which is divided into
16 serological subtypes (from H1 to H16), and its neuraminidase (NA), which
is divided into 9 serological subtypes (from N1 to N9). Regarding their
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combinations, approximately 144 possible A/HN subtypes are known; however, not
all of them cause diseases in humans. Some of these subtypes have caused pandemic
outbreaks, namely A/H1N1 (Spanish flu, 1918), A/H2N2 (Asian flu, 1957), A/H3N2
(Hong Kong flu, 1968), and A/H1N1 again (Swine flu, 1976; Russian flu, 1977) in
the last century [224]. In 2009, A/H1N1 caused another pandemic that led to
enormous concerns for public health due to the more globalized nature of the world
and the pork and poultry production industries [223, 224]. The transmission of these
viruses between individuals commonly occurs through large virus-containing
droplets and the exchange of aerosols; more rarely, it occurs via contaminated
fomites or by direct contact [223].

Several micromechanical platforms have been described in the literature that
detect influenza infections aiming to provide low-cost, simplicity, high sensitivity,
and rapidity, which would enable the control of transmission and treatment. One
of the studies introduced a QCM-based immunosensor to detect influenza types A
and B [225]. Here, the QCM sensor employed a frequency or dissipation change
due to captured mass. In this manner, antibodies were conjugated with AuNPs to
increase the mass sensitivity, and, accordingly, the sensitivity increased tenfold.
The LOD value was found to be 1 × 103 PFU mL−1. The sensitivity and specificity
of this platform were compared with those of the RT-PCR, shell vial, cell culture,
and ELISA methods through a small cohort with 67 clinical samples [225].
Another study also utilized a QCM immunosensor to detect the H5N1 virus,
holding an enormous pandemic risk [226]. The study revealed the development of
a QCM immunosensor with magnetic nanobeads to enhance the binding reaction
between bioreceptor and analytes. Anti-H5N1 polyclonal antibodies were immo-
bilized on a gold-coated QCM surface, which was functionalized with SAMs of
16-mercaptohexadecanoic acid (MHDA) (figure 8.11(a)). When the antibodies
captured viruses, a frequency change associated with the concentration occurred
(figure 8.11(b)). The developed platform was able to detect the H5N1 virus at a
titer of more than 0.0128 HA units within 2 h. The specificity and selectivity of
this platform were controlled in the presence of avian influenza subtypes, such as
H3N2, H2N2, and H4N8. The sample source was chicken trachea. Consequently,
the QCM immunosensor demonstrated huge potential for avian influenza (AI)
virus H5N1 detection in clinical, agricultural, environmental, and food samples
[226].

Another QCM biosensor was developed to detect avian influenza virus (AIV)
H5N1 by combining ssDNA with crosslinked polymeric hydrogel [227]. For the
manner of biorecognition, aptamers with high affinity and specificity for AIV H5N1
surface proteins were selected and they formed a hydrogel with the ssDNA. The
sensor surface was functionalized with SAMs; the aptamer hydrogel was then
immobilized. When the virus was captured by the aptamer, the hydrogel swelled
immediately due to the breaking of the bond between the aptamer and the ssDNA;
the swelling mediated a frequency shift. The LOD value was determined to be 0.0128
HAUs (HA units) when the aptamer:hydrogel ratio was 1:1. The time required for
detection was 30 min, including sampling. This platform offered rapid, sensitive, and
specific detection for H5N1 viruses [227].
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SAW sensors are another class of micromechanical sensors. A recent study
introduced an SAW biosensor, which is capable of detecting the influenza A virus
using a Love wave modality [228]. The sensor was fabricated using SiO2-coated
piezoelectric LiNbO3 wafers. The sensor surface was functionalized with trieth-
oxysilylbutylaldehyde (ALTES) and triethoxysilylundecanal ethylene glycol acetal
(ACTES), and influenza A HA antibodies were immobilized on the SiO2/LiNbO3

SAW surface. The LOD value was observed as 1 ng mL−1 on the surfaces
functionalized with ALTES [228].

Another QCM-based biosensor was introduced to detect H5N1 AIV. In contrast
to the other developed platforms, this biosensor was developed using a nanowell
(figure 8.11(g) and (h)) structure and an aptamer [52]. The nanowell production
employed the metallic corrosion method on a gold film with a ∼20 nm pore size. The
nanowell electrode was obtained by nanoporous gold film immobilization with a
self-assembled monolayer. The ssDNA aptamers were conjugated with NH2 in
5-terminal and immobilized on the surface via covalent bonding to construct the

Figure 8.11. (a) A schematic representation of surface functionalization, detection, and amplification. Reprinted
from [226], Copyright 2011, with permission from Elsevier. (b) The chemical structure of triethoxysilylbuty-
laldehyde (ALTES) and triethoxysilylundecanal ethylene glycol acetal (ACTES). (c) The sensor was function-
alized via hydroxylation and silanization using n-hydroxysuccinimide (NHS) and ACTES; antibodies were then
immobilized. (d), (e) The photograph of an SAW sensor. Reprinted from [228], Copyright 2015, with permission
from Elsevier. (f) Nanoporous gold film was functionalized on a gold electrode surface to form a nanowell-based
electrode. (g), (h) The photographs of a QCM electrode before (g) and after (h) nanoporous gold film was
modified. Reprinted from [52], Copyright 2017, with permission from Elsevier. (i) Lateral stress inside a polymer
receptor layer with sialyl oligosaccharide groups increased after the binding of virus particles. (k) A photograph
of disc and disc holder. (l) The oscillation data of the piezo disc both in the air (red) and water (blue).
Reproduced from [229]. CC BY 4.0.
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QCM aptasensor. When the virus was introduced to the sensor, AIV H5N1 was
bound to the immobilized aptamers; therefore, a resonant frequency changed
proportional to the virus concentrations. This platform offers label-free detection
of H5N1 infection within 10 min. The detection range of the sensor was determined
to be 2−4 to 24 HAUs 50 μL−1 and the LOD value was 2−4 HAUs 50 μL−1. The
specificity was controlled by applying other subtypes of AIV (e.g., H1N1, H2N2,
H7N2, and H5N3). The study also included validation of the sensor using chicken
tracheal swab samples. This platform could also be modified and adapted for diverse
types of infectious agents [52].

The most recent study introduced a rapid and label-free piezoelectric biosensor to
detect influenza A virus by utilizing a PZT piezoelectric disc’s first radial mode
oscillations. Briefly, PZT was fabricated from a piezoelectric membrane with a radius
of 2 mm and a thickness of 100 μm (figure 8.11(k)) [229]. The sensor surface was
functionalized with a synthetic sialyl glycopolymer receptor layer, which has an
affinity for hemagglutinin proteins (figure 8.11(l)). When viruses were bound to the
polymer layer, the disc’s radial oscillation mode frequency was increased. The LOD
value was determined to be 105 virus particles per milliliter. This platform offers a long
lifetime, high sensitivity, selectivity, and easy applicability for home settings [229].

8.3 Conclusions and future perspectives
Viral diseases cause severe health problems for people all over the world. As a result,
there is a strong demand for highly sensitive and reliable virus detection methods.
Virus detection methods, including immunoassay, molecular detection, and bio-
sensors, have been broadly implemented at multiple settings. A wide range of
immunoassay methods, such as ELISA, RIA, ICA, immuno-chemiluminescence,
and LFA have been utilized for virus detection. Although they have demonstrated
several benefits, their limitations, such as their high-cost and time-consuming nature,
have hindered their clinical utility in the early diagnosis of diseases. Molecular
detection techniques, such as real-time PCR, nucleic acid tests, and reverse tran-
scription-PCR have many advantages over immunoassay approaches, including
higher sensitivity, specificity, and a wider dynamic range. However, these
approaches necessitate the use of complicated instruments and pre-processing
protocols. Biosensors, on the other hand, are appealing devices for early-stage virus
detection, which is a critical step in controlling virus spread and preventing disease.
Biosensors offer high sensitivity and specificity, low-cost, real-time analysis, and
label-free detection, making them suitable for clinical applications. In particular, this
chapter thoroughly investigated various micromechanical sensors, including piezo-
electric, surface acoustic wave, and microcantilever biosensors with low detection
limits and rapid responses. Furthermore, the most recent developments in micro-
mechanical biosensors for virus detection were extensively reviewed.

Currently, conventional virus detection systems are expensive and only available
in centralized clinics and hospitals. Therefore, there is a need to develop a
portable POC diagnostic system that can be used by individuals without intensive
training. Considering their reliability and rapid response, POC devices are emerging
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tools for early-stage viral disease diagnosis. Due to micro- and nanotechnological
advancements, POC micromechanical biosensors could be an appropriate candidate
for virus detection. Micromechanical biosensors conjugated with surface function-
alized nanomaterials can be utilized to improve signal amplification, specificity,
bioreceptor immobilization, and sensitivity. The signals could be recorded by an
individual’s smartphone or any wireless devices that transmit the data to clinical
health centers and hospitals, so that trained professionals could monitor individuals’
health status remotely. Despite the advances in technology and science in the 21st
century, the COVID-19 pandemic has demonstrated that virus infection can lead to
high morbidity and mortality, hence, a systematic approach to preventing novel
pandemic emergence is required urgently. In this respect, artificial intelligence and
machine learning are invaluable tools, not only for improving sensor reliability and
the reproducibility of sensors, but also for gathering a large volume of information
from biosensor responses and analyzing it to create epidemiological models to
predict potential pandemics and disease.

In future studies, researchers can focus on developing user-friendly and low-cost
biosensors that individuals can perform the tests at home to detect different viruses
with a single integrated platform. Another crucial parameter that can be optimized
is the detection time, as a person infected with certain viruses, such as COVID-19,
can take two to seven days to display symptoms, allowing the virus to be easily
transmitted from a patient to a healthy person. Future studies can also concentrate
on easy manufacturing label-free biosensors to eliminate the need for harsh reagent
storage, or they could develop novel reagents and integrate them into the biosensor
structure.
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